Abstract : The goal of this research is to develop a rehabilitation system based on a brain-machine interface (BMI) for paraplegic patients. This requires the ability to detect a patient's desire on the basis of his or her brain activity. In the work reported here, the authors used near-infrared spectroscopy (NIRS) to measure the brain activity of healthy subjects while they exercised on a bicycle ergometer. Analysis results showed that the oxy-Hb level increased at the start of the exercise. This variation in the oxy-Hb level occurred a few seconds after the start of exercise. On the basis of the analysis results, the authors considered a pedaling exercise state discrimination that uses the oxy-Hb level and its time derivative. The discrimination results for three healthy subjects showed over 72% accuracy. For a paraplegic patient's pedal exercise imagery, this discrimination scheme still had 74% accuracy.
Introduction
Because the central nervous system cannot be repaired or recovered if damaged, a patient whose legs have been paralyzed due to neurological disorders such as spinal cord injury (SCI) can never recover active motor functions. However, recent research has reported that damaged neural circuits can be reconstructed by using intact or unused nerve cells [1] - [3] . This reconstruction process is possible due to the plasticity of nerves and can be triggered by the appropriate motion stimulus. On the basis of this fact, exoskeleton robotic rehabilitation systems that aim for reconstruction of damaged neural circuits and recovery of motor functions have been developed and applied in clinical situations [4] , [5] . These systems force patients to move their paralyzed legs regardless of their desire. Some studies are trying to develop a patient's desired motion rehabilitation system that operates on the basis of patients' desired motion by using brain-machine interfaces (BMI) in order to achieve more effective rehabilitation [6] - [8] .
The authors analyzed the brain activity of healthy subjects during ergometer pedal exercise with the view of developing a BMI rehabilitation system. Studies have been done on brain activity analysis during ergometer pedal exercise by using measurement methods such as electroencephalography (EEG) [9] , functional magnetic resonance imaging (fMRI) [10] , and nearinfrared spectroscopy (NIRS) [11] . For a noninvasive BMI system, two of these ways can be used to measure brain activity: EEG and NIRS. EEG measures voltage fluctuations on the scalp resulting from activity of the neurons. The authors already studied pedaling motion discrimination methods with EEG [12] .
NIRS measures oxygenated hemoglobin (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb) concentration levels by using the absorption of near-infrared light. In this paper, the authors describe our use of NIRS to measure and analyze the oxy-Hb concentration level during ergometer pedaling exercise. Analysis of the distribution of this level showed that the oxyHb level increased at the start of the exercise. This variation in the oxy-Hb level occurs by the start of exercise. Moreover, on the basis of analysis results, the authors considered a pedaling exercise state discrimination that uses the oxy-Hb level and its time derivative. This method showed over 72.7% accuracies for three healthy subjects. Using the same scheme, in this paper, the authors also carried out the brain activity measurement for a paraplegic patient and his pedaling exercise imagery discrimination. As a result, the discrimination result still had 74.9%.
Method

Experimental Setup
As preliminary research to develop a BMI rehabilitation system for paraplegic patients, the authors measured and analyzed the brain activity of healthy subjects during ergometer pedal exercise. For brain activity measurement, the authors used the oxy/deoxy-Hb concentration level measured by multichannel NIRS devices (LABNIRS, Shimadzu Corporation, Japan). The measurement was carried out when a subject was pedaling a bicycle ergometer as shown in Fig. 1 .
An optical fiber unit (near-infrared illuminator and detector) was placed on each subject's scalp in the locations shown in Fig. 2 . The channels for measuring the oxy/deoxy-Hb concentration level were placed in 54 positions between the illuminators and detectors. These positions are located around F z , C 3 , C 4 , and C z in the international 10-20 system for EEG electrodes, which cover the premotor, motor, and somatosensory areas. The subject's pedaling motion states were recorded JCMSI 0006/14/0706-0327 c 2014 SICE as pedal rotation velocity measured by the bicycle ergometer equipped with a rotary encoder. The subjects of the brain activity measurement were three healthy males (ages 21, 24, and 35). Each subject sat on a chair with his eyes closed while his brain activity was measured during the ergometer pedal exercise. The pedal exercise consisted of 20-second periods of exercise interspersed with 20-second rest periods. The timing of each period was signaled to the subjects with a beep sound. In previous research that was executed with similar tasks and measured brain activities using fMRI, the cerebral blood flow changes were delayed by 5 to 10 seconds from the actual motion status changes [10] . Therefore, the authors defined the time interval including both the rest and motion states as 20-seconds for pedal exercise motion detection from blood flow changes.
In addition, a paralyzed patient's brain activity during pedal exercise imagery was measured. The subject in this experiment was a male, aged 54 years, whose legs were paralyzed by a traumatic spinal cord injury in 1999.
Informed consent was obtained from all subjects prior to carrying out the measurement. Also, all of the experimental designs in this paper were approved by the ethics committee of the University of Tokyo.
Measurement Principal of NIRS
This section reports our measurement of the subjects' brain activity by using NIRS. In this section, the authors briefly discuss the principal of measuring the oxy/deoxy-Hb concentration level by using NIRS.
NIRS is a method for measuring the oxy/deoxy-Hb concentration level in the cerebral blood by using near-infrared (NIR) light sources and is often used in the analysis of brain activity. The brain composition was assumed to be constant. Then, the NIR light absorption and the scattering of the brain OD is obtained from the Beer-Lambert law as:
where I 0 is the luminous intensity of radiated light, I is that of detected light, is an absorption coefficient of the medium, C is the concentration of the medium, l is the averaged light path length, and S is a scattering term. The absorption coefficients of oxy/deoxy-Hb for NIR light with wavelength λ, oxy (λ) and deoxy (λ), were obtained experimentally. Thus, if l and S in Eq.
(1) are assumed to be constant, the change in the NIR light absorption of the brain for radiated light with wavelength λ is written as:
The above equation indicates that the relative concentration levels of oxy/deoxy-Hb, lΔC oxy , and lΔC deoxy , are obtained by using NIR light with two or more different wavelengths. The NIRS device described in this paper uses NIRS light at three different wavelengths (780, 805, and 830 nm) to measure concentration levels. An example of the relative concentration levels of oxy/ deoxy-Hb measured by NIRS during the ergometer pedal exercise is shown in Fig. 3 . Figure 3 (a) plots the actual pedal rotation velocity of the ergometer, and Fig. 3 (b) and 3 (c) plot the relative concentration levels of oxy-Hb and deoxy-Hb, respectively. These concentration levels were measured at the right temporal region. A comparison of Fig. 3 (b) and 3 (c) indicates that the relative concentration level of oxy-Hb is more closely related to pedal rotation velocity than that of deoxy-Hb. Therefore, this paper is focused on the relationship between ergometer pedal exercise and the relative concentration level of oxy-Hb. In the remainder of this paper, the authors refer to the relative concentration level of oxy-Hb as the oxy-Hb level. 
Signal Processing
As shown in Fig. 3 (b), the oxy-Hb level measured by NIRS contains a lot of artifacts. Here, the authors describe a method to denoise the oxy-Hb level. First, the authors execute spatial detrending for measurement data. This is obtained by subtracting the average of all measured oxy-Hb levels from the measured data.
Next, the authors apply multi-resolution analysis (MRA) by using a discrete wavelet transform (DWT) to reduce high frequency noise and temporal trends [13] . The DWT decomposes the detrending signal into an approximated component (low frequency component) and a detailed component (high frequency component). In MRA, this DWT processing is applied repetitively to the obtained detailed components. Thus, the detrending signal S (t) is expressed by MRA as:
where a n is the approximated component and d m is the detailed component, and these components are given by d n = ∞ m=−∞ D ( m, n)ψ (m,n) (t) and a n = ∞ m=−∞ A (m,n) φ (m,n) (t), where ψ(t) is the mother wavelet function, and φ(t) is the scaling function of the mother wavelet. Therefore, D (m,n) and A (m,n) are calculated by using the DWT of the original signal S (t) multiplied by ψ (m,n) (t) and φ (m,n) (t), respectively. The authors used a Daubechies wavelet [14] with index parameter N = 7 as a mother wavelet function. To reduce the number of artifacts, the authors executed the MRA given by Eq. (3) with n = 9 and reconstructed the signal by using only d 8 and d 9 components. These components are strongly correlated with the ergometer pedaling exercise.
Results
First, the authors considered the active area that shows a large change in oxy-Hb level during the ergometer pedal exercise by using a topographic map. The topographic map is calculated by subtracting the denoised oxy-Hb level at the start of exercising from that of the resting level. The topographic maps for the three subjects are shown in Fig. 4 . As shown, subject 1 indicated a strong reaction in the parietal area and a weak reaction in both the temporal region. Subject 2 indicated a strong reaction in both the temporal and parietal area. Subject 3 indicated a strong reaction in the parietal area and weak reaction in the left temporal and frontal region. These results indicate that the parietal area of the scalp tends to exhibit a large change in oxy-Hb levels during ergometer pedal exercise. On the basis of the topographic map results, the authors analyzed the relationship between the denoising of oxy-Hb levels and the ergometer pedal exercise states. Figure 5 plots the denoised oxy-Hb level measured at the parietal area (ch. 31). Here, if the rotation velocity of the ergometer pedal is 10 rpm or higher, the authors define the pedaling state as "moving." As shown, the denoised oxy-Hb level tends to increase at the start of the exercise and decrease when the exercise stops. In addition, this variation of the oxy-Hb level is independent of pedal rotation velocity.
These analysis results are summarized as follows.
1. The parietal area of the scalp tends to exhibit a large change in oxy-Hb level during ergometer pedal exercise. 2. The oxy-Hb level tends to increase at the start of the pedal exercise and decrease when the exercise stops.
This study also analyzed the paralyzed patient's brain activity. Figure 6 shows the topographic map for the patient. Compared to Fig. 4 , although this map shows only a weak reaction in the parietal area, it shows a strong reaction in the temporal and frontal areas. Figure 7 shows the patient's denoised oxy-Hb level measured at the parietal area. As with healthy subjects, the oxy-Hb level tends to increase at the beginning of the pedaling exercise imagery and decrease when the imagery stops.
Discussion
On the basis of the previous analysis results, the authors considered a method to discriminate the pedaling motion state by using the oxy-Hb level measured by NIRS. As stated previously, the analysis results indicate that the oxy-Hb level respectively tended to increase and decrease at the start and stop of the pedal exercise. Thus, the time derivative value of the oxyHb level may be useful for discriminating the pedaling motion state. The authors tried to discriminate the pedaling motion states by using oxy-Hb levels measured at the parietal area (ch. 28 -39) and their time derivative (Δoxy-Hb). To achieve this, principal component analysis (PCA) and linear discriminant analysis (LDA) [15] , [16] were employed. The authors used first 40 seconds (learning interval) oxy-Hb and delta-oxy-Hb levels as a learning data of LDA classifier, and last 80 seconds (estimation interval) data as an evaluation data. The discrimination rate was defined as the ratio of the correct classified time to the estimation interval. The feature values were used to discriminate the pedalling exercise state with LDA. As the feature values, the authors used the principal components in which the cumulative contribution ratio was over 80%. The feature values were used to discriminate the pedaling exercise state with LDA. The learning data for LDA were given by the ergometer pedal rotation velocity. Here, if the rotation velocity of the ergometer pedal is 10 rpm or higher, the authors define the pedaling state as "moving"; if the velocity is lower than 10 rpm, the authors define the pedaling state as "resting," indicated as "rest" in the figure. The discrimination result is obtained by using the sign of the first axis value of LDA. That is, the state is "moving" if the value is positive and "resting" if the value is negative. Figure 6 shows the ergometer exercise experimental results for the healthy subject (subject 1), and the motion discrimination result obtained by his oxy-Hb concentration level. Figure 8 (a) shows the subject's actual ergometer exercise motion and Fig. 8 (b) shows the first principal component of denoised oxy-Hb level and its time derivative. Figure 8 (c) is the motion discrimination result obtained from the denoised oxy-Hb level and its time derivative. The data recorded for 40 seconds were used as learning data for LDA. The authors compared the sign of the LDA result and the actual ergometer pedaling states and obtained a discrimination accuracy of 78.5% for this result. And the discrimination accuracies for other subjects were 72.7% and 86.6%.
Finally, the authors also carried out the brain activity measurement for a paraplegic patient and his pedaling exercise im- Fig. 8 Healthy subject motion estimation results. agery discrimination. The subject in this experiment was a 54-year-old male whose legs were paralyzed by a traumatic spinal cord injury in 1999. The subject sat in a wheelchair with his eyes closed. His brain activity was measured during periods in which he tried to fulfil the desire to carry out the pedaling exercise. A beep sound was used as the stimulus to switch between a state of resting and the state in which he tried to carry out the desired motion. Informed consent was obtained from the subject. Figure 9 shows the presented exercise motion, and the motion discrimination result obtained by using the same scheme as that for the healthy subject. Figure 9 (a) shows the patient's desire to move paralyzed legs and Fig. 9 (b) shows the first principal component denoised oxy-Hb level and its time derivative. Figure 9 (c) is the desired motion discrimination result obtained from the denoised oxy-Hb level and its time derivative. Just as in the experiment conducted with the healthy subjects, the authors compared the sign of the LDA result and the stimulus data of desired motion and obtained a discrimination accuracy of 74.9%.
In our previous research, the average discrimination accuracy of a healthy subject's pedaling motion using electroencephalography (EEG) was 80.8% [12] , which is better than the NIRS results discussed in this paper. This could be caused by the EEG responding more quickly to motion status changes than NIRS. However, the oxy-Hb level measured by NIRS in the same motion status maintains the signal level, but the EEG signal level quickly damps. Therefore, some studies attempted to improve the classification accuracy [17] . For practical purposes, it is therefore necessary to consider an EEG-NIRS hybrid BMI to classify motion status. Fig. 9 Paralyzed subject motion results.
Conclusion
In this paper, the authors reported on our measurement and analysis of brain activity during ergometer pedal exercise by using the oxy-Hb concentration level measured by NIRS. The results indicated that the oxy-Hb concentration level in the parietal area tends to increase at the start of the exercise and decrease when it stops. On the basis of this result, the authors tried to discriminate the pedaling motion state by using oxy-Hb concentration levels and their time derivative. The discrimination accuracies for three healthy subjects were over 72.7% and that of a paraplegic subject was 74.9%.
